New electronics applications demanding enhanced performance and higher operating temperatures have led to continued research in the field of Pb-free solder designs and interconnect solutions. In this paper, recent advances in the microstructural design of Pb-free solders and interconnect systems were discussed by highlighting two topics: increasing b-Sn nucleation in Snbased solders, and isothermally solidified interconnects using transient liquid phases. Issues in bSn nucleation in Sn-based solders were summarized in the context of Swenson's 2007 review of the topic. Recent advancements in the areas of alloy composition manipulation, nucleating heterogeneities, and rapid solidification were discussed, and a proposal based on a multi-faceted solidification approach involving the promotion of constitutional undercooling and nucleating heterogeneities was outlined for future research. The second half of the paper analyzed two different approaches to liquid phase diffusion bonding as a replacement for high-Pb solders, one based on the application of the pseudo-binary Cu-Ni-Sn ternary system, and the other on a proposed thermodynamic framework for identifying potential ternary alloys for liquid phase diffusion bonding. All of the concepts reviewed relied upon the fundamentals of thermodynamics, kinetics, and solidification, to which Jack Smith substantially contributed during his scientific career.
Introduction
Through a scientific career spanning more than 50 years (1953-2007) , Dr. Jack Smith was intrigued by investigations that linked thermochemistry with the constitution and crystal structures of metals, compounds, and alloy systems. His analyses of the thermodynamics of binary, ternary, and multi-component systems were coupled with detailed evaluations of the elastic constants of a wide range of multicomponent materials, ranging from binary lithium alloys to yttria stabilized zirconia. [1, 2] Fortunately, Jack Smith was still at the top of his game and up for new challenges in the early 1990s when one of our co-authors (IEA) sought his collaboration on the mapping and verification of a previously undiscovered ternary eutectic reaction in the Sn-Ag-Cu system. Using a classic thermodynamics approach, Jack's guidance on review of the literature and possible interpretation of the limited data set from previous work were invaluable in their investigation of ternary eutectic behavior. [3] Now, as we continue addressing challenges in the Pb-free transition, in controlling the microstructure in circuit assembly solder joints and in developing high temperature solders to replace high-Pb solders for hierarchical assembly in multi-chip module applications, we have sought to channel the direction and wisdom of Jack Smith, employing the foundations of thermodynamics and phase equilibria to guide our analyses.
Today's electronics industry has transitioned to lead-free components in consumer electronic devices due to the known risks of lead to human health. The Waste Electrical and Electronic Equipment (WEEE) directive, enacted by the European Union (EU) in 2006, requires all consumer products being sold within the EU to be Pb-free. [4] This legislation is also supported by the Restriction of Hazardous Substances (RoHS) directive, which restricts the use of several other hazardous materials, including Pb. [5, 6] Since the electronics industry supplies a global marketplace, compliance with EU regulations has driven the transition toward a more restricted set of materials in consumer products regardless of where they are sold, particularly for solder alloys used in circuit board assembly and packaging. [7] At the same time, new devices and applications are demanding higher performance solder alloys for assembly than currently exist, leading to continuing research in new Pb-free alloys and interconnect solutions that meet these enhanced performance challenges. Furthermore, the transition to Pb-free electronics is not yet complete: the RoHS exemptions for high-Pb, high-temperature alloys used in wafer bumping, substrate bumping, and die attach will likely continue until a practical replacement becomes available. There are no drop-in, Pb-free solders which have solidus temperatures in the 260 to 310°C range that can substitute for high-Pb solders. Based on an examination of the binary phase diagrams with one low melting point element (T m < 400°C), or a low temperature eutectic, and our experience with designing Pb-free alloys to replace the Sn-Pb eutectic, it is unlikely such a solder is possible.
From the point of view of processing temperatures, the challenges in developing both a high performance Pb-free solder alloy for circuit board assembly and a high temperature Pb-free solder or alternative interconnect solution for wafer bumping, substrate bumping, and die attach can be illustrated by examining the use of the Sn-Pb system. Traditionally, solder alloys in both application regimes were composed of binary Sn-Pb alloy combinations. These alloys had many useful properties, including forming a simple binary eutectic, excellent mechanical properties and thermomechanical fatigue resistance, good electrical conductivity, excellent wetting characteristics, and a classic eutectic solidification morphology with two primary solid solution phases. The large solid solubility of Sn in Pb (18.9 wt.% at 183°C) leads to a range of useful solidus temperatures from 183°C to close to the melting point of Pb (327°C), and a tunable ''mushy'' (liquid + solid) zone width based on alloy composition. Soldering is first performed at the chip or die attach level with high-Pb (Pb-Sn) solders with a high solidus temperature and narrow mushy zone. A standard high temperature solder composition of Pb-Sn is 95Pb-5Sn (wt.%), with a solidus temperature of 320°C. Once solidified, packaged components are soldered onto circuit boards without melting the die attach level solder by using the Sn-Pb eutectic composition of 62.13Sn-37.87Pb (wt.%), with its eutectic temperature of 183°C. [8] [9] [10] The microelectronics community has developed a range of Pb-free solder alloys for various circuit board assembly applications. Tin-based Pb-free alloys, most notably Sn-AgCu (SAC) near-eutectic alloys, discovered by the team that included Jack Smith, [3] have become widely used as an alternative for eutectic Sn-Pb due to tin's affordability, environmental passivity, low toxicity, and compatibility with existing microelectronic components and assembly practice. The SAC eutectic composition is 95.6Sn-3.5Ag-0.9Cu wt.%, with a eutectic temperature of 217°C. [11] A projection of the SAC liquidus surface is shown in Fig. 1(a) . After about 20 years of extensive use, the SAC solder alloys have proven to be a reasonable substitute for Sn-Pb, but still have problems in some types of assembly operations, e.g., ball grid arrays, and more importantly, in terms of their reliability with respect to thermal fatigue and impact resistance. Interestingly, all of these problems can be traced to the well-known difficulty in the nucleation of Sn, i.e., in controlling the as-reflowed joint microstructure. This lack of microstructure control has motivated significant research on the effects of minor alloy additions to SAC or other binary Sn-based alloys on Sn nucleation over a number of years. [12] [13] [14] [15] [16] [17] [18] [19] [20] In contrast to circuit board assembly solders in which many high-Sn alloys are available commercially, Au-based eutectics (Au-Sn, Au-Si, Au-Ge) are the dominant Pb-free alloys used for high-temperature soldering applications, but Fig. 1 Two differing projections of the liquidus surface of the Sn-Ag-Cu ternary system. In (a), the calculated equilibrium liquidus surface is shown from Ref 11 , and (b) a non-equilibrium projection of the liquidus surface is displayed, showing the extended primary intermetallic phase formations in the system during eutectic undercooling [21] at significantly higher cost than high-Pb, Pb-Sn alloys. Considered together, this explains the great R&D race to develop both higher performing Pb-free solder alloys for circuit board assembly, as well as new approaches or concepts for widespread high temperature assembly and applications.
The goal of this article is to provide a review of two approaches to designing higher performance solder alloys and interconnect systems: (1) strategies to increase b-Sn nucleation in Sn-based solder alloys and (2) liquid phase diffusion bonding (LPDB) to create high temperature, high reliability, Pb-free interconnects. Both of these topics are highly active research areas in today's Pb-free solder community and both research areas rest foundationally on concepts in thermodynamics and phase equilibria, the kinetics of intermetallic formation, and principles of alloy solidification. The first half of this article reviews current research in b-Sn nucleation based on the work published since Swenson's seminal 2007 review on the difficulties in nucleating b-Sn in Sn-based solders. [21] The second half of this review focuses on the challenges in designing multicomponent LPDB alloys with controlled microstructures as replacements for high-Pb, high temperature solders.
b-Sn Nucleation in Tin-Based Solders
As noted by Swenson in his 2007 review, the solidification of b-Sn occurs by heterogeneous nucleation and has been difficult to induce or predict, with undercoolings as large as 15-40°C in Sn-based solder alloys, and as large as 187°C in surface passivated Sn droplets. [21, 22] These large undercoolings can permit extended formation of primary intermetallic compounds (IMCs) far from thermodynamic equilibrium. This results in large, highly anisotropic solder IMCs, such as Cu 6 Sn 5 , Ag 3 Sn, and both Cu 6 Sn 5 and Ag 3 Sn during solidification of Sn-Cu, Sn-Ag, and SAC alloys, respectively. The eventual nucleation and subsequent rapid growth of b-Sn dendrites then follows, resulting in large bSn dendrite/grain sizes that frequently exhibit common twinning misorientations. [23, 24] It is this non-equilibrium, extended proeutectic formation of phases, such as the formation of large, primary Ag 3 Sn blades in SAC alloys, which has dictated the need for improved impact (''drop shock'') resistance in Sn-based solders. Song et al. performed a telling study on the vibrational fracture properties of SAC solder alloys in 2007, just after the release of Swenson's review article. [25] The study elucidated the role of Ag 3 Sn in reducing the ductility and vibrational dampening of SAC alloys, both of which are important properties for high reliability applications in the aerospace and automotive industries. In particular, acicular eutectic Ag 3 Sn and large, proeutectic Ag 3 Sn blades were shown to dramatically reduce solder ductility and adversely affect the vibrational performance of the SAC solder alloys by providing preferred pathways for accelerated crack growth. [25] By enhancing the nucleation of the b-Sn phase during solder alloy solidification, proeutectic formation of Ag 3 Sn and metastable Ag 3 Sn far below the eutectic temperature can be avoided, leading to improved mechanical properties.
In addition to the b-Sn nucleation issues, the b-Sn phase itself is known to exhibit large elastic and thermal expansion anisotropies due to its body-centered tetragonal (BCT) crystal structure. Thus, the behavior of individual joints, such as the thermal fatigue tolerance and resistance to electromigration and creep, are all linked to the size, orientation, and morphology of the b-Sn dendrites within Sn-based solder joints. [26] It is due to b-Sn's anisotropic properties that microstructural non-uniformity joint-to-joint and the resulting variability in mechanical properties of Snbased solder microstructures can be a large issue. [26, 27] The ability to understand, control, and increase heterogeneous nucleation of the b-Sn phase is, therefore, needed to create more reproducible solder microstructures with improved thermomechanical properties for the high reliability, high performance Pb-free solder alloys that are needed in the microelectronics industry today.
Swenson's 2007 Review of b-Sn Nucleation
In 2007, Swenson reviewed the issues linked to the difficulty in the nucleation of the b-Sn phase in Sn-based solders. [21] Swenson offered three potential approaches/tactics to alleviate the b-Sn nucleation issue based on concepts guided by fundamental thermodynamics and kinetics, with the goal of avoiding the large, proeutectic formation of solder IMCs and formation of a few large b-Sn grains during solidification.
The first approach outlined by Swenson was to employ the use of non-equilibrium phase diagrams to inform decisions of alloy composition in order to minimize proeutectic IMC formations in the as-solidified solder microstructures. Swenson illustrated this strategy through the use of non-equilibrium SAC ternary liquidus surface projections, such as the diagram show in Fig. 1(b) . It was suggested that, if the expected average undercooling is known, an alloy composition could be chosen to avoid the formation of primary phases. For example, if the average undercooling at which one would expect b-Sn nucleation is approximately 15°C, then the Ag content in the alloy should be reduced to a point at which the Ag 3 Sn IMC phase liquidus surface is at least 15°C below the equilibrium SAC eutectic temperature, thus avoiding primary Ag 3 Sn formation completely. Effectively, this suggestion attacks one of the issues of delayed b-Sn nucleation, primary IMC phase growth, but it fails to address the enhancement of b-Sn nucleation itself.
The second approach was to introduce b-Sn solidification catalysts to enhance the nucleation of the b-Sn phase, thus reducing eutectic undercooling. The addition of Zn was reviewed, where it is noted that micro-alloying additions of Zn (0.1 wt.% additions to Sn-3.4Ag-0.9Cu wt.% alloys) reduced the b-Sn eutectic undercooling in SAC+Zn alloys and suppressed large Ag 3 Sn IMC blade formations within the alloy microstructures, suggesting enhanced b-Sn nucleation. [28, 29] Inoculation of b-Sn, either from micro-alloying additions or from secondary phases, is a promising approach, although an attributable mechanism for the success of such micro-alloying additions in the inoculation of the Sn-liquid alloy has been notably absent from the literature.
Finally, Swenson suggested the use of rapid solidification to avoid formation of large primary IMC particles. Rapid solidification would be expected to reduce, if not completely eliminate, primary IMC phase formation via the reduction of time spent in the liquid state during solidification before bSn nucleation occurs. Swenson presented results from rapid solidification experiments that showed IMC refinement, but b-Sn grain dendrite size and misorientation were shown to be unaffected. [30, 31] The employment of rapid solidification techniques to modify and reduce the formation of IMC phases from liquid melts is a proven process, and one that can be leveraged to improve Sn-based solders. It is vital to not only establish techniques for enhancing nucleation of bSn and controlling b-Sn grain size within as-solidified solders, but to also understand how to maintain and control those effects throughout the course of the multiple reflow cycles that are often necessary for microelectronics manufacturing. In the sections that follow, research progress in exploiting each of Swenson's approaches in enhancing b-Sn nucleation is reviewed, as well as their implications for improved solder performance. Finally, suggestions for future progress in increasing b-Sn nucleation and controlling b-Sn grain size are outlined.
Compositional Modifications to Tin-Based Alloys
In accordance with Swenson's first approach in employing non-equilibrium phase diagrams to inform alloy compositional choices, as well as the poor impact and vibrational performance of SAC solders attributed to the presence of primary Ag 3 Sn, alloy modifications primarily based on reductions in, or elimination of, Ag from Sn-based alloys have been researched heavily within the solder community. Suh et al. studied the effects of reduced Ag content on the fracture resistance of SAC solders, where SAC105 (Sn-1.0Ag-0.5Cu wt.%) and SAC405 (Sn-4.0Ag-0.5Cu wt.%) were compared via drop impact testing. [32] The results of the study found that the SAC105 alloy displayed superior drop impact resistance due to the increased bulk compliance and high plastic energy dissipation of the alloy microstructure. This result was linked to the reduced Ag content of the alloy, and thus the reduced formation of primary Ag 3 Sn, as well as the increased phase fraction of bSn and the relatively low elastic modulus of the b-Sn phase. [32] Suh et al. discussed the effects of Ag content from a thermodynamic standpoint through the use of Fig. 2(a) , where reductions in Ag are shown to alter the Sn-IMC tielines, thus increasing the phase fraction of b-Sn with decreased Ag content, in agreement with Swenson's description of such techniques. Figure 2 (b) displays the results of the drop impact testing of the SAC105 and SAC405 alloys. A greater than 10x enhancement of the number of drops to joint failure was realized for SAC105 as compared to SAC405. [32] In addition to the reduction of Ag content, the reliability and mechanical performance of Sn-based solder alloys that completely eliminate Ag from the alloy design have also been examined. Tsukamoto et al. performed a thorough study of Ni-doped and non-Ni-doped Sn-Cu (SC), SAC, and Sn-Pb solder ball grid array (BGA) joint systems via the use of high-speed shear impacting testing. [33] The testing showed that the SC+Ni solder BGAs out-performed all other alloy compositions in shear impact testing. The SAC solder BGAs were found to have the least resistance to shear impact testing, with cracking initiating at the IMC interfacial bond layer and brittle failure of the solder joints. The The drop impact testing results of the study, where the superior performance of the SAC105 (Sn-1.0Ag-0.5Cu wt.%) alloy over the SAC405 (Sn-4.0Ag-0.5Cu wt.%) alloy can be seen [32] (Color figure available online) addition of Ni to the SC alloy was found to ''smooth'' the morphology of the interfacial Cu 6 Sn 5 layer between the solder BGA and the bonded pad. [33] These results agreed well with research that has been conducted in the area of Ni-doped Cu- 6 Sn 5 by a number of different research groups. [34] [35] [36] [37] [38] [39] [40] The research has documented the strong cross-interaction of Cu and Ni in solder joints. Typically, Ni is observed to substitute on the Cu 6 Sn 5 IMC lattice for Cu atoms, thus creating (Cu, Ni) 6 Sn 5 , which enhances the impact resistance of the solder IMC interfacial layer by stabilizing the hexagonal form of Cu 6 Sn 5 (g) down to room temperature, negating its transition to the monoclinic structure (g¢) at 186°C. The de-stabilization of this crystallographic transformation by Ni additions avoids the volume change that accompanies the transition of unalloyed Cu 6 Sn 5 IMC phase with reductions in temperature, a transformation that can lead to cracking in the phase. [37] [38] [39] [40] Ni additions were also shown to enhance the planarization of solder IMC (Cu 3 Sn and (Cu, Ni) 6 Sn 5 ) interfacial layers, and the cross-interaction of Cu and Ni has been shown to reduce the thickness of the Cu 3 Sn IMC layer during thermal aging. [33, 35] 
Inoculation of Tin-Based Alloys
Micro-alloying additions to SAC and SC solder alloys has been an active research area for the past 10-15 years. [12] [13] [14] [15] [16] [17] [18] [19] [20] Anderson and co-workers have examined a wide range of additions to SAC alloys; Al (0.05 wt.%), Zn ( ‡0.21 wt.%), and Mn ( ‡0.1 wt.%) were each found to reduce b-Sn undercoolings to 2-4°C, and to reduce, or eliminate, the formation of Ag 3 Sn proeutectic blades. The early studies were not able to identify the cause of the observed benefits from the micro-alloying additions, but did state that the specific micro-alloying additions were chosen because of their substitutional solubility in Cu and with the goal of enhanced nucleation of primary Cu 6 Sn 5 from which the b-Sn could then nucleate. [17] However, if such a nucleation mechanism were to exist between Cu 6 Sn 5 and b-Sn, it is likely that researchers would have confirmed it, given the presence of Cu 6 Sn 5 in majority of solder alloys and solder joints.
Based on the micro-alloying research performed on Snbased solders to date, micro-alloying additions of Al appear to be promising. Boesenberg et al. reported the suppression of the Ag 3 Sn blade phase at Al contents greater than 0.05 wt.%, but less than 0.20 wt.%, and reductions in b-Sn undercooling of $50% at Al concentrations 0.25 wt.% within SAC+Al solder alloys. Finally, Boesenberg et al. described the formation of Cu-Al IMC particles within the Al-modified SAC solder samples, which were identified via XRD measurements as the Cu 33 Al 17 phase. The Cu 33 Al 17 particles were found to be buoyant within the liquid-Sn, floating to the top of the examined solder joints during solder reflow, and the Cu 33 Al 17 IMC displayed particularly high hardness values (49.1 ± 2.5 GPa) via nanoindentation measurements. [18] Reeve et al. then surveyed the addition of Al to various SAC and SC alloys, where the volume fraction of the Cu x Al y phase was shown to vary dependently with the Al concentration in the alloy, as expected, and the solidification temperature of the Cu x Al y phase was identified at 450-550°C. [20] Xian [20, 43, 44] This orientation relationship between the Cu x Al y and Cu 6 Sn 5 has important implications to solder microstructural control due to the high temperature stability (450-550°C) of the Cu x Al y phase. If the Cu x Al y phase can be uniformly distributed throughout the solder matrix, then during reflow cycling of the solder, the Cu x Al y phase will remain solid in the alloy melt. This high temperature stability of the Cu x Al y phase would then provide preferred and persistent heterogeneous nucleation sites for Cu 6 Sn 5 during each solidification cycle and an added level of control over the formation of the Cu 6 Sn 5 phase. Figure 3 (a-f) displays various examples of the epitaxial relationship between the Cu x Al y phases and the Cu 6 Sn 5 phase within a range of SAC+Al and SC+Al alloy compositions. [20, 41, 43] Additionally, Sweatman et al. performed a grain refinement survey of various micro-alloying additions to pure Sn. [19] The study surveyed several possible grain refining additions to pure Sn, and noted that additions of Zn, Mg, and Al all refined the as-cast grain size of the Sn+X castings. The addition of Al displayed the strongest grain refinement both within the as-cast and recrystallized states at additions of 0.3 and 0.5 wt.% Al to pure Sn castings. These results indicate a possible link between Al additions, reduced b-Sn undercooling observed within the Al-modified alloys, and possible enhanced nucleation of the b-Sn phase. [19] Finally, Belyakov and Gourlay have examined heterogeneous nucleation of b-Sn from XSn 4 type IMC, including PtSn 4 , PdSn 4 , and NiSn 4 . [45] The introduction of XSn 4 type IMCs, either present as a primary phase or as an interfacial IMC layer, was shown to significantly reduce the undercooling of the b-Sn phase within the Sn-X alloys. Undercoolings within the alloys were reduced to 3-4°C, as compared to pure Sn undercoolings measured at $35°C within the study. The orientation relationship between the bSn phase and the XSn 4 Despite the potent catalysis of b-Sn by the XSn 4 IMC, it was noted that the b-Sn grain size remained large and unaffected by the presence of the catalytic IMC. Belyakov and Gourlay made note of this and remarked on the need for a combination of effective heterogeneous nucleation sites for b-Sn, such as XSn 4 , and constitutional undercooling within the liquid-Sn to promote grain refinement of the b-Sn phase.
[45]
Rapid Solidification of Tin-Based Alloys
Of the suggestions made by Swenson in his review, less work has been completed in the area of rapid solidification of solder alloys. Reeve et al. recently completed a study of rapidly solidified SC+Al alloys produced via drip atomization and melt spinning. [43, 44] The work considered three different SC+Al alloy compositions, with Al contents ranging from 0.1 to 0.4 wt.%, and cooling rate treatments spanning eight orders of magnitude. The work showed the refinement of the Cu x Al y and Cu 6 Sn 5 IMC phases down to sub-micron ranges through the application of rapid solidification processing (RSP). Ideal initial solidification cooling rates within the range of 10 3 -10 4°C /s (water quenching to drip atomization) were identified for realizing simultaneous IMC particle size refinement and a maintained Cu x Al y / Cu 6 Sn 5 epitaxial relationship during solidification. Figure 4a- b displays the refinement of both IMC phases and the maintained nucleant relationship between the Cu x Al y and Cu 6 Sn 5 phases for Sn-1.41Cu-0.1Al wt.% drip atomized alloy microstructures from the study. [43] Unfortunately there was no observed effect on the nucleation of b-Sn due to the employed rapid solidification methods.
A coarsening study was also performed by Reeve et al., after initial rapid solidification via drip atomization and melt spinning. After reflow cycling between 20 and 250°C for 1-5 cycles, both alloy samples displayed little-to-no coarsening of the Cu x Al y phase, as compared to the initial assolidified microstructures. However, the Cu 6 Sn 5 particle displayed coarsening behavior dependent on the temperature stability of the Cu 6 Sn 5 in the alloy composition. Significant Cu 6 Sn 5 particle coarsening occurred in the alloy composition where the Cu 6 Sn 5 melted completely upon reflow to 250°C, but little coarsening of the Cu 6 Sn 5 phase was observed for the alloy where only partial melting of the Cu 6 Sn 5 phase occurred during reflow cycling to 250°C. The epitaxial relationship between the Cu x Al y and Cu 6 Sn 5 IMC was qualitatively maintained throughout the course of reflow cycling for both samples. These results show promise for the control of IMC formation within these Al-modified alloys, not only after initial solidification, but also throughout subsequent reflow cycling necessary for solder joint manufacturing. [44] 2.5 Suggestions for Future Improvements in b-Sn Nucleation
As summarized above, a great deal of work on enhancing the nucleation of b-Sn within Sn-based solders has been conducted since Swenson's 2007 review. Effective approaches in solder compositional variations to control IMC formation, identification of effective micro-alloying additions and heterogeneous inoculants for b-Sn, and techniques for rapid solidification of solder alloys have all contributed to the improvement of Sn-based solder joint microstructural control. However, a singular Sn-based alloy composition has yet to be identified that can holistically control: (1) solder IMC formation, (2) b-Sn undercooling, and (3) refinement of b-Sn grain size with multiple non-twinned orientations. As mentioned by Belyakov and Gourlay in their investigation of b-Sn inoculant IMC phases, [45] a multi-faceted approach must be taken to solder alloy design to achieve both enhanced b-Sn nucleation and b-Sn grain size control, including:
1. alloying to promote constitutional undercooling in the Sn-liquid, and 2. introducing high temperature inoculant phase/s to pro- vide multiple, dispersed heterogeneous nucleation sites with specific activity for b-Sn during solidification.
The effects of constitutional undercooling on solid/liquid transformations in metallic systems have been described in classic works of Tiller, Jackson, Chalmers, and Kurz. [46] [47] [48] [49] [50] [51] StJohn et al. recently reviewed the current understanding of the effects of constitutional undercooling on nucleation and grain refinement in alloys. [52] The process of constitutional undercooling occurs during solidification as solute is rejected from the solidifying phase, resulting in a concentration gradient of solute ahead of the solidification front and a modification to the local temperature of the adjacent liquid. Thus, every point ahead of the solidification front has a unique solute concentration and a corresponding liquidus temperature that is below that of the equilibrium liquidus temperature of the system, promoting local, compositionally dependent undercooling in the liquid ahead of the solidifying phase. Constitutional undercooling thus works to provide enhanced activation of nucleation sites directly ahead of the solidification front. The ''growth restriction factor'' (GRF) has been established as the most appropriate parameter for quantifying the effect of solute additions on restricting the growth of the solid interface in an undercooled liquid:
where m L is the slope of the liquidus, C 0 is the alloy composition, and k is the partition coefficient. A solute addition that results in a high GRF promotes a higher rate of development of constitutional undercooling in the liquid, slowing the advance of the solid interface into the undercooled liquid. This allows for more opportunity for nucleation events to activate ahead of the solidification front, and thus promotes grain refinement in the alloy. [52] Seminal research by Easton and StJohn et al. in various systems, notably Al alloys, has shown that a high solute GRF correlates not only to enhanced constitutional undercooling, but also to reduction in the extent of the ''nucleation free zone'' (NFZ) that is typically established ahead of a growing solid-liquid interface. In particular, the combination of constitutional undercooling effects and the introduction of heterogeneous nucleant particles has been shown to enhance grain refinement in alloys. For example, the combination of inoculant nucleation surfaces (TiB 2 ) and excess solute in the melt (Ti) provides constitutional undercooling of the Al liquid, as well as potent Al heterogeneous nucleation sites. This two-step solidification approach results in an overall grain refinement effect in these Al alloy systems. [52] [53] [54] [55] [56] Such an approach has yet to be applied to Pb-free, Sn-based solder alloys, but given the need for enhanced nucleation of the b-Sn phase and the need to decrease the b-Sn grain size in solder joints, employing multi-part solidification tactics in solder alloys offers much promise. Values of GRF for varying solute element concentrations to pure Sn can be used as a valuable guide in the selection of possible alloy systems to promote constitutional undercooling during b-Sn solidification. It should be noted, that although the GRF is appropriate to use in terms of down-selecting potential alloying elements that promote constitutional undercooling, it does not ultimately guarantee a grain refinement effect. As noted by Easton et al., grain refinement within an alloy will depend not only on the degree of constitutional undercooling corresponding to the chosen solute concentration, but also on the thermal profile in the liquid ahead of the solidification front, the distribution and potency of inoculant particles in the liquid, the rate of diffusion of the solute species in the liquid (solute accumulation between growing grains can significantly reduce constitutional undercooling), the evolution of latent heat upon solidification, and the flux of heat away from the solid-liquid interface. [52] [53] [54] When considering GRFs to select potential solute additions to pure Sn, it is noted that Sn-based alloys have generally low solute GRF values for various elemental additions in the Sn liquid at typical micro-alloying levels. Table I displays several solute options and their correspond- ing GRF values at their maximum solubility levels in the Sn liquid, as calculated from thermodynamic data gathered from ThermoCalc version 3, TCSLD3 solder alloy database. [57] The table portrays the fact that, especially when compared to the micro-alloying addition of Ti solute to Al (GRF of 36.8 at 0.15 wt.% [53] ), the GRF values of the various solute additions to the Sn liquid are considerably lower, specifically at low concentrations. The most promising options from the current list include the possibility of reaching higher values of GRF with increased alloying concentrations, for example, a GRF of 86 at 53 wt.% Bi and a value of 29 at 8 wt.% Zn. It is also interesting to note that the micro-alloying elements that are generally accepted as helping to reduce the undercooling of b-Sn, such as Mn, Al, and Co, all have very low GRFs in the alloy liquid, signaling that any observed benefits in reduced undercooling within these systems must stem from a mechanism other than constitutional undercooling.
Despite some of these limitations, using GRF concepts to increase the grain refinement of b-Sn may still be possible by looking outside the typical range of micro-alloying additions. For example, Bi concentrations of 22 wt.% would achieve a GRF value of 36 in the Sn-Bi liquid, reaching levels comparable to micro-alloying additions of Ti to Al. In addition to decreasing grain size, other microstructural factors influence the balance between the need for improved fatigue life and improved impact resistance in Sn-based solder joints. As summarized above, the generally poor impact resistance of SAC solder alloys can be improved by reducing Ag content in the alloy, thus reducing the formation of primary Ag 3 Sn. This enhancement in impact resistance though, often comes at the price of decreased thermomechanical fatigue resistance due to decreased phase fractions of small, dispersed IMC phases that can act as dislocation blockers within the solder matrix. The ideal Snbased solder microstructure will need to be optimized for these two properties. Given that current Sn-based solders often contain only one unique b-Sn nucleation site within a solder joint microstructure, a shift in grain refinement of bSn to include 4-5 unique b-Sn nucleation sites within a single solder joint may mitigate the reductions in fatigue life from decreased primary IMC presence by increased fatigue life via grain refinement. Future experimental research on solute additions and computational modeling of nucleant cluster formations within the Sn-alloy liquids should be performed to determine the viability of such approaches in Sn-based solders.
High Temperature Interconnect Technologies
Although the current RoHS exemption for high-Pb hightemperature solders is being reviewed by the European Commission with likely renewal through 2021, research in high-temperature Pb-free alternatives has intensified. This is driven by both the need to find acceptable replacements for current uses of high-Pb solders and the demand for even higher temperature interconnect (HTI) technologies for electronic systems in increasingly harsh environments. The most widely used commercial Pb-free solder for high temperature applications is the Au-20Sn wt.% eutectic alloy (T e = 278°C). [58] [59] [60] [61] [62] [63] However, due to the high price of Au, Au-Sn alloys have been used primarily in high reliability applications including step-soldering in RF packages, hermetic sealing, aerospace, military, and medical electronics.
At the same time that alternatives to high-Pb, high temperature solders are being sought, the operating temperatures of integrated circuits are increasing and the environments in which they are being used are becoming more extreme. The trend to more compact auto engine compartments is placing control systems closer to the engines and actuators, and increasing exposure of vulnerable integrated circuitry to higher temperatures, vibration, and thus, conditions for fatigue and failure. Semiconductors based on GaN, III-Vs, SiC, and diamond can operate at significantly higher temperatures than Si, whose maximum operating temperature is approximately 200°C. This creates the need for new, RoHS-compliant bonding solutions for die-attach, insulatedgate bipolar transistor (IGBT) attach, and power electronics to replace high-Pb solders, Pb-free solders, and thermal interface materials used today.
A wide range of non-solder alternatives have been researched over the last ten years resulting in a range of commercial products being currently offered. These technologies include sintering of Ag and Cu nanoparticles, coreshell nanoparticles, mixtures of coarser Cu with Ag nanoparticles, Ag-filled adhesives, Bi-Ag-X alloys, transient liquid phase sintering, and foil-based transient liquid phase bonding. [64] [65] [66] [67] [68] [69] [70] For an HTI to be an acceptable substitute for high-Pb solders in a given application, the HTI must: 1. Perform within an acceptable range of the electrical, thermal, and mechanical requirements for the application. 2. Form at temperatures less than or equal to commercial high-Pb solders it is replacing (<300°C). 3. Perform reliably for typical operation and use conditions, including during thermal cycling to low and high temperatures depending on the operating ranges, which can reach 400°C for some applications. 4. Exhibit acceptable mechanical, thermal, and electrical performance after long-term aging and use.
Among the alternative strategies for forming HTIs, approaches using either a liquid or a solid transient phase to meet these criteria are being widely pursued with commercial products currently available based on several different compositions. In the case of a liquid transient phase, a low melting point liquid reacts with a higher melting point solid to solidify isothermally by interdiffusion and/or IMC formation. Two classic examples of isothermal solidification by Rahman et al. are (1) a Cu-Ni liquid in contact with pure Ni forms a Cu-Ni solid solution by interdiffusion with no remaining liquid phase and (2) the reaction of liquid Sn with Cu forms two IMCs on solid Cu, and if annealed long enough to reach equilibrium, forms a single IMC on Cu. Both processes are based on isothermal solidification by interdiffusion; the key difference between the two is that the liquid is eliminated by the formation of an intermetallic phase in the Cu-Sn example versus interdiffusion to form a Ni-Cu solid solution in the Cu-Ni example. [71] It is interesting to note that similar approaches can be used with a transient solid phase to raise the melting temperature of the remaining phases in the solder interconnect. For example, Zhu et al. recently developed a transient solid reaction system by first heating a solid tri-layer interconnect, Ni/eutectic Au-20Sn wt.%/Ni, to above the eutectic temperature (278°C), then cooling it to 240°C to solidify the liquid to form AuSn and Au 5 Sn (1' phase), and finally transforming it into a Ni-Ni 3 Sn 4 -Au 5 Sn-Ni 3 Sn 4 -Ni multilayer structure by annealing the tri-layer for 100 h at 240°C. The resulting 1' phase shows a region of significant solid solubility, with the IMC composition shifting to higher Au concentrations and higher temperature stability as Ni 3 Sn 4 continues to form. [63] Transient phase processes in Sn-based systems have been referred to by various names and acronyms by different research groups. The terms ''transient liquid phase sintering'' (TLPS), ''liquid phase diffusion bonding'' (LPDB), ''transient liquid phase bonding'' (TLPB), and solid-liquid interdiffusion (SLID) have all been used to describe bonding of two substrates via isothermal solidification reactions between a low melting temperature phase (LTP) and the high melting temperature (HTP) substrates. [63, 67, 69] In this paper, the term LPDB will be used, although all can be used interchangeably. During processing when the temperature is heated higher than the solidus of the LTP, liquid forms and wets the HTP and the substrate surfaces. Typically the LTP is heated above its liquidus so that the LTP is completely molten. Isothermal solidification occurs by interdiffusion such that no liquid remains. The role of added HTP particles is to increase the surface area for interdiffusion and reaction, to reduce the time needed for sufficient reaction, rather than being limited by the surface area of the substrates. The underlying principle is the same with or without HTP particles added to the LTP. In this paper we focus on two approaches to HTI alloy and system design for LPDB systems for different applications. The first approach illustrates how metastability can be exploited in the Cu-Ni-Sn ternary to create a pseudo-binary LPDB system using a Sn-Cu-Ni LTP alloy and Cu-10Ni wt.% binary solid solution HTP. The second approach presents a thermodynamic framework to bound alloy candidates for ternary and higher order LPDB systems as a function of processing and operating temperatures.
Liquid Phase Diffusion Bonding in the Cu-Ni-Sn System
Liquid phase diffusion bonding reactions in the Sn-CuNi system were examined by McCluskey, Greve, and Moeini with a Sn-3.5Ag LTP in combination with Cu, Ni, or mixture of Cu and Ni powders with Ni substrates as the HTP substrates. [67, 68, 72] Samples were processed at a peak temperature of 300°C in an inert atmosphere for approximately 30 minutes using 0.2 MPa of applied pressure to reduce void formation. The resulting microstructures for NiSn and (Cu, Ni)-Sn contained few voids; pockets of Sn in cross-sections of the bonds indicated incomplete solidification. Despite the presence of unreacted Sn, shear tests of Ag metallized Si dies bonded to Ni substrates using this technique indicated that the bonds were able to withstand 10 MPa up to 435°C using mixed Cu and Ni particles as the HTP and up to 600°C (test setup limit) with Ni HTP particles. [73] These mechanical property results are consistent with the melting temperatures of the expected intermetallics in the systems: approximately 415°C for Cu 6 Sn 5 and 798°C for Ni 3 Sn 4 . These results also demonstrate that the bonds may provide adequate performance at elevated temperatures even in the presence of isolated pockets of residual liquid.
The Cu-Ni-Sn ternary system has advantages over the binary Sn-Cu system. Nickel, even in trace amounts, is soluble in Cu 6 Sn 5 and suppresses the IMC's allotropic phase change upon cooling, i.e., stabilizing the high temperature hexagonal (Cu, Ni) 6 Sn 5 .
[37] However, as reported by McCluskey, when both Cu and Ni HTP particles are used, the system has competing reactions between the two binaries: with the formation of Cu 3 Sn and Cu 6 Sn 5 between Cu and Sn, and the formation of Ni 3 Sn 4 between Ni and Sn. If the Cu 6 Sn 5 forms quickly enough such that little Ni from the liquid is available to be incorporated into the IMC, the low temperature, more brittle monoclinic Cu 6 Sn 5 can form. Furthermore, as seen in reactions in BGAs in which one substrate is Cu and one is Ni, the two intermetallics in contact with the liquid can change in both composition and phase over time since they are not in thermodynamic equilibrium.
Choquette and Anderson avoided these issues by creating LPDB systems with Cu-10Ni wt.% HTP alloy powders and Sn-0.7Cu-0.05Ni LTP powder (Nihon Superior, SN100C), leading to the formation of (Cu, Ni) 6 Sn 5 in the processed joints. The microstructures formed by this powder paste reflowed with 30s above liquidus (227°C) to a peak temperature of 250°C can be seen in Fig. 5 . Liquid-phase diffusion bonding occurred between the tin alloy (white) and the solid Cu-Ni powder (dark gray), with reaction formation of the (Cu, Ni) 6 Sn 5 phase (light gray). No formation of (Cu, Ni) 3 Sn was observed. The absence of (Cu, Ni) 3 Sn has been reported previously for similar diffusion couples annealed at 240°C by Vuorinen et al. and at 200°C by Baheti et al. [74, 75] Baheti et al. presented evidence that (Cu, Ni) 3 Sn is not thermodynamically stable at 200°C for Ni concentrations equal to or greater than 7.5 wt.% Ni, and suggested that the absence of the thermodynamically stable ternary intermetallic was due to difficulty in nucleation of the phase. [75] However, at 240°C, Vuorinen et al. argued that the absence of the (Cu, Ni) 3 Sn was kinetic in origin, i.e., that (Cu, Ni) 3 Sn was thermodynamically stable, but did not form due to rapid growth of (Cu, Ni) 6 Sn 5 . [74] This latter interpretation is supported by phase equilibrium experiments by Lin et al. that showed (Cu, Ni) 3 Sn in equilibrium with Cu-Ni alloys at 240°C. [76] The most important feature of this system is, therefore, that it can be treated as two pseudo-binaries. This can be understood by comparing the 240°C isothermal section of the phase diagram ( Fig. 6a) with what we refer to as a ''reaction diagram'' (Fig. 6b) . This isothermal reaction diagram schematically shows the phases observed during the short annealing times required for LPDB systems. Many binary and ternary phases present in the equilibrium phase diagram are missing in the diffusion couples as discussed above. The Cu-Ni HTP alloys in contact with Sn form either (Cu, Ni) 6 Sn 5 or (Ni, Cu) 3 Sn 4 depending on the HTP alloy composition, and at low Ni concentrations (Cu, Ni) 3 Sn is also observed. This diagram helps to visualize the resulting phases forming from diffusion couples in various HTP and LTP composition regimes.
Recent experiments testing several volume ratios of LTP:HTP (Sn alloy powder:Cu-10Ni wt.% powder) showed formation of large voids and flux trapping at a ratio of 25 . This increased fraction of liquid phase allowed for better wetting, greater pore filling, significant rearrangement within the LTP/HTP mixture before IMC formation, and the flux to be expelled, thus reducing porosity. A typical microstructure resulting from the 75 vol. % LTP:25 vol.% HTP ratio is shown in Fig. 7 , after 30s reflow above liquidus (227°C) with a peak reflow temperature of 250°C. Approximately 10 lm of (Cu, Ni) 6 Sn 5 was observed to have formed and significant residual Sn-liquid was left surrounding the HTP particles. For a viable LPDB system, there must be significant ''bridge'' formation (IMC growth) between the (Cu, Ni) 6 Sn 5 coated HTP particles and percolation of the IMC to form a rigid structure. In Fig. 7 there is little evidence that this has occurred. As noted above, the results of Greve et al. indicated that complete consumption of the Sn is not required, however, the acceptable levels of residual liquid as a function of starting microstructure are not known. [73] There are at least two minimum conditions for bridge formation. First, there must be enough HTP alloy to consume all the Sn; for the formation of Cu 6 Sn 5 between Cu and Sn, the critical ratio is 35 vol.%:65 vol.% (Cu:Sn). Therefore, the amount of HTP will need to be increased for the reaction to continue. The second is that the (Cu, Ni) 6 Sn 5 -coated HTP particles must be touching such that the residual liquid is isolated at the HTP particle junctions. Whether this will occur during processing for a given ratio of LTP:HTP will depend on a number of factors, including the reaction rate and the starting HTP particle size. It is interesting to note that Vuorinen et al. reported that the growth rate of (Cu, Ni) 6 Sn 5 at 240°C increased as a function of Ni in the Cu-Ni alloy, reaching a maximum at approximately 10 at.% Ni. [74] In their experiments with Cu-10 at.%Ni in contact with Sn, the (Cu, Ni) 6 Sn 5 thickness was approximately 10 lm after 10 min at 240°C, in contrast to the 10 lm after 30s at 250°C seen here by Choquette and Anderson. [69] Optimization of the Cu-Ni-Sn LPDB system will require quantifying the effects of LTP:HTP ratio, HTP particle size, packing, and processing temperature on liquid consumption rate, the location of the residual liquid, and the resulting mechanical properties of the LPDB structure. Practical processing and compatibility considerations will dictate the maximum acceptable processing temperatures and times, and therefore, under what conditions the Cu-Ni-Sn LPDB system can be used.
Thermodynamic Framework for Identifying New
Ternary LPDB Systems
The relationship between the equilibrium phases in Snbased ternary phase diagrams and the specific interdiffusion paths for soldering and bond formation have been studied extensively for a range of systems. For example, Chen et al., determined both the phase diagrams and the diffusion paths for a range of Sn-In alloys reacting with Ag. [77] These studies and the relationships they have revealed can be leveraged to identify new LPDB formulations and processing paths for multi-component systems. In particular, we suggest that design criteria can be defined and used as a screening tool to identify potential LTP and HTP compositions based on examination of ternary phase diagrams, either calculated or experimental. These criteria described below are based on (1) melting temperature of the LTP, (2) formation of IMCs that consume components of the liquid phase, (3) three phase equilibrium between the terminal liquid, the IMC, and any third phase that must precipitate for the liquid fraction to decrease, and (4) the temperature at which reactions occur in the solidified structure as it is heated.
The binary Cu-Sn LPDB system provides a simple starting point before proceeding to discuss three-component systems. The binary Cu-Sn phase diagram shown in Fig. 8 illustrates several of the key thermodynamic characteristics necessary for LPDB. The first characteristic is that processing must occur above the melting point of the LTP, which in the case of pure Sn is 232°C. The second characteristic is that the resulting intermetallic phases from a given HTP-LTP combination incorporate Sn, the primary component in the liquid. Consider the interface between a small volume of liquid Sn in contact with a relatively large volume of solid Cu at 250°C. The blue, double-arrow line in Fig. 8 identifies the 250°C isotherm on the Cu-Sn phase diagram. Initially, Cu dissolves into the liquid Sn. (It is assumed that the liquid is well mixed.) Once the Sn becomes saturated with Cu, Cu 6 Sn 5 nucleates. The Cu 6 Sn 5 typically develops a scalloped interface, and a Cu 3 Sn layer forms between the Cu and Cu 6 Sn 5 . There are now 3 interfaces: Cu-Cu 3 Sn, Cu 3 SnCu 6 Sn 5 , and Cu 6 Sn 5 -Sn. The evolution of phases at the CuSn interface follows the line across the isotherm, indicated in Fig. 8 .
Ternary elements may be added to the LTP for several purposes. An alloying component may be used to modify the IMC phases in equilibrium with the liquid LTP. Alternative IMC phases may be favored based on mechanical properties or melting temperature. A three-component system also results in the regions of three-phase equilibrium. Solute rich alloys can be therefore leveraged to reduce processing time by precipitation of a new phase in the liquid as the IMC forms, i.e., solidification occurs both by IMC formation and precipitation. The precipitation of a new phase is not itself diffusion limited, but it is determined by the rate of IMC formation. A liquid composition in threephase equilibrium with the dominant IMC phase and the precipitate phase is necessary to gain this benefit of two concurrent forms of isothermal solidification. The third characteristic is that the terminal liquid must be in equilibrium with both the IMC and the third precipitating phase in order for the liquid to be consumed. The fourth characteristic is determined by the use temperature: the precipitating phase must have a melting point higher than the intended use temperature, and the precipitating phase must not react to form a liquid at the intended use temperature.
In the discussion that follows, these four thermodynamic characteristics are discussed for three Sn-Bi ternaries: AgBi-Sn, Cu-Bi-Sn, and Ni-Bi-Sn, and three Sn-In ternaries: Ag-In-Sn, Cu-In-Sn, and Ni-In-Sn. Phase diagrams were calculated using Thermo-Calc (version 3) with the solder solution database version 1. [57] Isothermal sections at 1°C intervals were generated and compared with experimental results from the literature, such as Ref 78.
Potential LPDB Systems
3.3.1 Sn-Ag, Sn-Cu, or Sn-Ni. Typical substrate and HTP powder compositions are composed of Ag, Cu, or Ni, and form the basis of the starting binaries. The elements Ag and Cu form eutectics with Sn at 220 and 227°C, respectively. Nickel does not significantly decrease the melting temperature of Sn, and therefore does not affect the LTP melting temperature, but it may be used to modify the initial equilibrium phase with Cu, as in the Cu-Ni-Sn system. Because all three HTPs form IMC phases with Sn, effective solute compositions are limited to the liquidus composition in equilibrium with the IMC at the isothermal solidification temperature. Hyper-eutectic LTP compositions will result in primary IMC in the liquid that remains solid during processing, and may be of benefit to reduce the amount of IMC formation necessary to isothermally solidify and form interconnects.
3.3.2 Bi-Sn LTP with Ag, Cu, or Ni. The Sn-Bi eutectic reaction occurs near 138°C and 57 wt.% Bi (43 at.% Bi). The element Bi forms simple binary eutectics with Ag (T e = 262.5°C) and Cu (T e = 270.6°C), with no IMCs. The Ni-Bi phase diagram contains two IMCs, NiBi and NiBi 3 , and has a eutectic reaction (T e = 271°C), however, the NiBi 3 IMC has been observed only in long-term annealing experiments after reaction between Ni and SnBi alloys with Bi content in the alloy >96.5 at.% Bi. [79] Given the deep Sn-Bi eutectic, the maximum effective addition of Bi is limited only by the compositions that are Fig. 8 Cu-Sn phase diagram generated using ThermoCalc with database TCSLD1. [57] The gold circles indicate the phases observed when the liquid phase is consumed in typical Cu-Sn LPDB reactions. Further annealing may lead to the disappearance of at least one of the two phases depending on the interdiffusion kinetics (Color figure available online) liquid at the targeted processing temperature. In fact, the amount of Bi solute may be leveraged to minimize the amount of Sn that must be consumed by IMC formation for isothermal solidification. The ternary Ag-Bi-Sn (Ag HTP substrate) will form a single IMC Ag 3 Sn, with the rejected Bi phase precipitating from the terminal liquid as the IMC grows. The isothermal sections from the phase diagram and the corresponding reaction diagrams contain the same phases, with the exception of the 1-Ag phase. The ternary Ni-Sn-Bi is also compatible with LPDB, since Ni 3 Sn 4 is the only IMC that forms in diffusion couples with Sn-Bi alloys, and it is in equilibrium with the rejected Bi phase. For BiNi-Sn, the isothermal sections of the phase diagram and the corresponding reaction diagrams are similar, with the exception of the Ni-Bi IMCs.
The ternary Cu-Sn-Bi is both simpler, and yet, more complicated than the Ag-Bi-Sn and Bi-Ni-Sn systems, primarily due to the two equilibrium Cu-Sn IMCs (Cu 6 Sn 5 and Cu 3 Sn) that also form in the diffusion couples. Since Bi does not react with Cu, it must precipitate as a solid in order for isothermal solidification to proceed. Both Cu-Sn IMC phases are in equilibrium with Bi below 200°C, but only Cu 3 Sn is in equilibrium with Bi above 200°C. The Cu-SnBi ternary system exhibits the following Class II reaction at approximately 200°C: Cu 3 Sn + L fi Cu 6 Sn 5 + Bi. [80] Isothermal sections above and below 200°C are shown in Fig. 9 . Since all the equilibrium phases are observed in diffusion couples, isothermal sections can be used as reaction diagrams. At 170°C, reactions for all Sn-Bi LTP alloy compositions to the left of the terminal liquid composition in contact with Cu lead to the formation of Cu 6 Sn 5 in contact with the liquid. As the IMC grows, the liquid composition shifts until it reaches the terminal liquid composition (blue star, Fig. 9a ) for the three-phase equilibrium triangle for Cu 6 Sn 5 and solid Bi. As the IMC continues to grow, the amount of liquid also decreases by precipitation of the Bi, until all liquid is consumed. Additionally, there is then also the formation of the Cu 3 Sn phase between Cu and Cu 6 Sn 5 . The final phases in the LPDB structure are those indicated by the gold circles (Fig. 9a) . In contrast, at temperatures above 200°C (260°C isothermal shown in Fig. 9b ), Sn-rich Sn-Bi liquids reach a terminal liquid composition (blue star, Fig. 9b Fig. 9b ), the reaction can go to completion avoiding the limitations posed by the equilibrium inversion at Sn-rich concentrations, with the final phases in the LPDB structure indicated by the black circles (Fig. 9b) The limiting factor for any of these ternaries with Sn-Bi is the melting temperature of Bi, 271°C. The ternary Sn-Bi LTPs Fig. 9 Isothermal sections of the Cu-Sn-Bi phase diagram generated using Thermo-Calc V.3 with database TCSLD1. [57] (a) At 170°C all initial LTP liquid compositions can be isothermally solidified with the terminal liquid composition (blue star) as marked. The gold circles indicate the phases observed when the liquid phase is consumed in typical LPDB reactions. (b) At 260°C, Sn-rich LTP compositions end up at the terminal liquid composition (blue star) which leads to a stable liquid as long as Cu 6 Sn 5 is in contact with the liquid. During reaction, Bi-rich LTP compositions shift to the terminal liquid composition (black star) and further reaction leads to the phases indicated by the black circles (Color figure available online) with Ag, Cu, or Ni are thus recommended for further investigation.
3.3.3 In-Sn LTP with Ag, Cu, or Ni. In the binary, Sn and In react to form binary IMCs with extensive solid solubility; the Sn-In binary eutectic reaction is between two intermetallics and occurs near 120°C and 50.9 wt.% In (51.7 at.% In). Both In and Sn form IMCs with Ag, Cu, and Ni. There have been a few observations of ternary compounds, but there are regions of complete solid solubility across the ternaries and more limited solubility of the third element in some binary IMCs. The ternary AgSn-In is minimally compatible with LPDB, because In-Sn alloys react with Ag to form Ag-In IMCs with limited solid solubility of Sn. With low temperature processing, this can lead to the precipitation of a Sn-In IMC that melts at 222°C, and therefore, does not offer any advantages over conventional Pb-free solder alloys. In contrast, the ternary Cu-Sn-In is a promising LPDB system because the Cu 6 (Sn, In) 5 phase in equilibrium with near-eutectic liquid compositions incorporates both components of the LTP, as seen in the calculated Cn-Sn-In isothermal section of the ternary phase diagram in Fig.10 , and has been shown to solidify isothermally by Sasangka et al. [81] The ternary Ni-Sn-In exhibits similar characteristics to Cu-Sn-In, but the solubility of In in Ni 3 Sn 4 is more limited. As with the Ag-In-Sn system, alloys of In-rich Ni-Sn-In are likely to form undesirable low-melting temperature In-Sn IMCs rather than Ni 3 (Sn, In) 4 . The ternaries of In-Sn LTPs with Cu and Ni exhibit promising characteristics over specific composition and temperature ranges and are, therefore, recommended for further investigation, particularly the Cu-In-Sn system.
Calculated Phase Diagrams and the Role of
Kinetics. As demonstrated above, thermodynamic criteria for LPDB can be used to identify composition and temperature ranges that exist in promising ternary systems and warrant further study. The calculated isothermal sections and solidification paths can then be used as a starting point for understanding IMC formation and microstructural evolution. However, thermodynamics is only one aspect of selecting a formulation. The kinetics of IMC phase formation may change for a number of reasons with the addition of ternary components. As noted above, Baheti et al. found that increasing the Ni concentration in Cu-Ni alloys (£5 at.% Ni) decreased the growth rate of (Cu, Ni) 3 Sn until at Cu-5 at.% Ni, (Cu, Ni) 3 Sn was not present even though it was thermodynamically stable. This was attributed to the increase in the growth rate of (Cu, Ni) 6 Sn 5 Fig. 10 Isothermal section of the Cu-Sn-In phase diagram at 170°C generated using Thermo-Calc V.3 with database TCSLD1. [57] All initial LTP liquid compositions can possibly be isothermally solidified forming a Cu 6 (Sn, In) 5 ternary solid solution. Experimental measurements of the specific reaction paths for different LTP compositions and the relative diffusivities of Sn and In in the IMCs still must be evaluated to determine what ranges can be used (Color figure available online) with increasing Ni concentrations, due to both the change in the relative diffusivities of Sn and Cu in the (Cu, Ni) 6 Sn 5 phase and the increasing contribution of grain boundary diffusion to growth as the (Cu, Ni) 6 Sn 5 grain size decreased with increasing Ni concentration. [75] Stable phases at operating temperatures must be considered as well. For instance, Chen et al. found that Sn-20In wt.% reacts with Ag to form a ternary IMC phase over a wide range of compositions at 250°C, but aging at 125°C caused a AgIn 2 phase to form. Chen et al. also observed variation in the growth kinetics of the ternary Ag-Sn-In phase depending on the composition of the Sn-In phase. [77] Therefore, identifying the diffusion pathway and kinetics for each potential LPDB system of interest will be highly relevant and vital, in addition to the thermodynamic characteristics of the LPDB system, to the success and implementation of future LPDB systems for high temperature solder interconnects.
Conclusions
The need for new Pb-free solders and high temperature interconnects has continued long after the RoHS-driven, Pbfree solder transition due to demand for both high reliability and good performance in increasingly harsh environments. Alloy thermodynamics and phase diagrams, as represented by the work of Jack Smith, are foundational in our continuing efforts to design Pb-free interconnect solutions with improved performance and for high temperature interfaces. This paper highlights some recent advances in microstructure design for Pb-free interconnect systems, focusing on existing challenges in the nucleation of b-Sn in Sn-based solder alloys and on alloy design to create isothermally solidified interconnects using transient liquid phases.
The progress made since Swenson's 2007 review of the challenges in b-Sn nucleation can be understood in the context of Swenson's three approaches for improving b-Sn nucleation: decreasing, or eliminating, Ag from Sn-based alloy design to advantage non-equilibrium phase formation, the addition of nucleating heterogeneities to promote b-Sn grain nucleation, and the use of rapid solidification to decrease, or eliminate, primary IMC formation. Despite these advances made based on Swenson's suggestions, a Snbased alloy has yet to be identified that can holistically control solder IMC formation, b-Sn undercooling, and refinement of b-Sn grain size (with multiple non-twinned orientations). Thus, future work was proposed via a multifaceted solidification approach combining the benefits of constitutional undercooling with the addition of solute and the effects of heterogeneous nucleating particles to ultimately promote b-Sn grain refinement in Sn-based solder alloys. Using Al alloys as the model, growth restriction factors (GRFs) were used to define potential solute additions to pure Sn that promote constitutional undercooling, and thus enhanced nucleation of the b-Sn phase. One such suggestion was the addition of Zn in the range of 3-8 wt.% (GRFs = 11-29), utilized in tandem with uniformly dispersed heterogeneous nucleant particles, such as XSn 4 IMCs, which could hold promise for providing both the constitutional undercooling and the potent nucleation sites necessary for enhanced nucleation and ultimate grain refinement the b-Sn phase. Such a multi-faceted approach to enhancing the nucleation of b-Sn and thus reducing the overall b-Sn grain size in Sn-based solder alloys holds much promise and future research, both experimentally and computationally, in these areas of b-Sn solidification should be pursued.
In the final section, two different approaches to interconnect design were presented based on liquid phase diffusion bonding (LPDB) as a replacement for high-Pb solders based on the Cu-Ni-Sn system and on a thermodynamic framework for identifying promising ternary alloys for LPDB. Modification of the equilibrium phases by using Cu-Ni alloys as the high melting temperature phase was pursued in order to improve performance previously demonstrated using LPDB systems containing Cu-Sn and Cu-Ni-Sn with separate Ni and Cu particles. A framework for selecting alternative LPDB formulations was also described: the equilibrium phase diagrams were used as a starting point for down-selection based on four thermodynamic criteria. This framework was applied to existing data for three Sn-Bi ternaries (Sn-Bi-Ag, Sn-Bi-Cu, and Sn-BiNi) and three Sn-In ternaries (Sn-In-Ag, Sn-In-Cu, and SnIn-Ni), and specific ternaries and composition ranges were identified as promising low temperature phases for LPDB. A special form of metastable diagram for LPDB which we refer to as a ''reaction diagram'' was introduced as a way to understand the observed deviations from equilibrium phase diagrams for isothermal annealing as a function of temperature and time. Further development of Pb-free solder alloys and LPDB interconnect solutions will continue to build upon the foundations of thermodynamics, to which Jack Smith so significantly contributed throughout his career.
